Size effects are important in ferroelectric ͑FE͒ materials since they are systems with long-range order. Indeed, FE films and superlattices are usually found to have different physical properties from bulk ferroelectrics. For example, the dielectric constants of multilayered FE thin films are dependent on layer thicknesses 1 and it has been demonstrated that the oscillation of the pinned domain walls in an external electric field yielded a giant dielectric constant in an epitaxial FE superlattice. 2 More recently, soft-mode hardening has been observed in SrTiO 3 films. 3, 4 Raman-scattering observation of confined transverse optical phonons in PbTiO 3 /BaTiO 3 superlattices 5 is an indication of high growth quality since confinement depends on sharp interfaces. A recent letter 6 reports the observation of the full intrinsic hysteresis loop in very thin Langmuir-Blodgett FE films. Taken as a whole, these and other results imply an important role played by interfacial coupling in FE films and superlattices.
A substantial amount of theoretical work on FE films has been reported 7, 8 and a small amount on superlattices. In films, attention has been focused on spatial variation of the polarization near surfaces and interfaces, which can arise for a variety of reasons, and on the effect of the depolarization field which arises when the applied field and polarization are normal to the film. A general formulation including both these effects is available. 8, 9 For superlattices, Qu et al. 10 have predicted a size-driven phase transition which is dependent on the strength of the interfacial coupling and the layer thicknesses. Ma et al. 11 have addressed the effect of antiferroelectric coupling on the spontaneous polarization in a superlattice consisting of two coupled FE sublattices. They have shown numerically that in the absence of an applied field the magnitude of the coupling enhances the antiferroelectric behavior in the structure when both sublattices are the same in thickness and composition.
The application of FE thin films in computer memories 12 has increased the interest in studying polarization reversal, 10,12-14 which can be characterized by the dielectric hysteresis loop. It is of value to study means by which systems can be designed to have specified hysteresis loops. We consider here a bilayer of two ferroelectric films with an antiferroelectric coupling across the interface and also a superlattice of ferroelectric layers with this coupling. We show that by choice of the layer thicknesses the hysteresis loops can be varied over a very wide range. Our work is speculative in that we do not say how such a coupling might be produced in practice. In our view, the great importance of the analogous magnetic coupling in giant-magnetoresistance devices 15 justifies some degree of speculation. Because this is a preliminary study, we take the simplest possible model; we shall argue that the essential results are not an artifact of the simplifications.
It will be recalled that ferroelectrics have simple hysteresis loops 6, 14, 16 whereas the hysteresis for an antiferroelectric material consists of double loops. 16, 17 Our point is basically that in the system we propose the hysteresis loop can be designed to any form between these extremes. Our analysis is similar to that applied by Ricinschi et al.
14 for bulk ferroelectrics.
We consider the two systems sketched in Fig. 1 , that is a bilayer of materials 1 and 2 ͓Fig. 1͑a͔͒ or a superlattice 1/2/ 1/2/...͓Fig. 1͑b͔͒ with layer thicknesses L 1 and L 2 . Layers 1 and 2 are FE with an antiferroelectric interface coupling. Since we concentrate on the effect of the interface coupling, we make the simplest assumption, namely that P is constant within each layer. With these assumptions, the free energy per unit area ͑and per unit cell in a superlattice͒ F involves just two scalar variables P 1 and P 2 , and we write
For a bilayer, P 1 and P 2 are the polarizations in the two layers and for a superlattice they apply to any of the layers 1 and 2. The first three terms are the standard free energy density for material 1, including the coupling to the applied field E and multiplied by the layer thickness L 1 . We assume that A 1 is temperature dependent, A 1 ϭa 1 (TϪT C1 ) with critical temperature T C1 , and that B 1 is independent of temperature and positive. Fig. 1͑b͒ , and for a bilayer it describes the single interface I. In both cases, we assume JϾ0 which favors antiferroelectric coupling in which P 1 and P 2 are in opposite directions, as marked in Fig. 1 . The limitations of ͑1͒ are these. First, we are assuming that P 1 and P 2 are constant in each layer, thus ignoring possible spatial variation within each layer. Second, depolarization is not included. We can look at this two ways: either we assume that P 1 and P 2 and the applied field E lie parallel to the interfaces or we take them perpendicular ͑as they are in practical devices͒ and regard depolarization as an effect to be included later in a more realistic study. We prefer the latter view. Third, the free energy of each film is written for a second-order transition although most ferroelectrics have first-order transitions. All of these restrictions could be removed. As remarked, a free-energy expression including spatial variation and depolarization effects is available 8, 9 and this could easily be generalized to the present case, including first-order transitions. A recently proposed numerical scheme 18 is adequate to study the full expression. In the absence of the applied field E the ground state of ͑1͒ has P 1 and P 2 in opposite directions, P 1 P 2 Ͻ0, since this minimizes the coupling energy; the zero-field equilibrium directions of P 1 and P 2 are shown schematically in Fig. 1 . An important implication is that even if films 1 and 2 are made of the same ferroelectric material the bilayer is not the same as a single film of thickness L 1 ϩL 2 because the interfacial coupling ensures that for small field the polarization directions are opposite in the two films. A magnetic analog would be two Fe films separated by a thin Cr layer that gives antiferromagnetic coupling; the basis of giantmagnetoresistance devices is that in the absence of an applied field the Fe moments are in opposite directions. 19 Since our aim is to study the simplest possible model we therefore take 1 and 2 as identical media so that A 1 ϭA 2 ϭa(TϪT c ) and B 1 ϭB 2 Ͼ0. In dimensionless quantities, the free energy expression in ͑1͒ now becomes
where .
͑4͒
This gives extreme points in the hysteresis loops where minima, maxima, and inflexion points in f coincide; these represent the onset of polarization reversal. Figure 2 shows typical hysteresis plots calculated from numerical solutions of ͑3͒. In making these plots, we selected only solutions that correspond to local minima of f . The In Figs. 2͑a͒-2͑d͒ the value jϭ0.5 is maintained and l is varied. The hysteresis loop pattern begins with large double loops typical of an antiferroelectric since l is close to 1.0 ͑i.e., layers 1 and 2 are about the same thickness͒. However, as l increases in value a central loop opens up so that triple loops appear when 1 and 2 are sufficiently different in thickness ͓e.g., Fig. 2͑b͒ for l ϭ2.0͔. Further increase in l , for example in the sequence l ϭ2.0 ͓Fig. 2͑b͔͒ to l ϭ5.0 ͓Fig. 2͑c͔͒ and l ϭ10.0 ͓Fig.
2͑d͔͒, widens the size of the central loop and reduces the outer loops vertically. In this sequence the system is becoming more ferroelectric with the outer loops for large l showing vestigial antiferroelectricity. The effect of the coupling constant, j, on the loop pattern can be interpreted when Figs. 2͑c͒, 2͑e͒, and 2͑f͒ are compared. In these figures the value l ϭ5.0 is fixed and j values in increasing order ͓Fig. 2͑e͒ with jϭ0.2, Fig. 2͑c͒ jϭ0.5, and Fig. 2͑f͒ jϭ1.0͔, are used. As j increases in value the three loops stretch further out horizontally.
The switching behavior can be understood from Fig.  2͑f͒ , for example. Suppose we begin at point C and decrease e. To achieve a minimum in f , j favors p 1 and p 2 to be opposite in sign, whereas e favors p 1 and p 2 aligned with the field. In region CD the value of e is large and it has a stronger influence on p 1 and p 2 than j does so that both p 1 and p 2 are switched up. Point D represents the onset of polarization reversal, so as e is decreased further in value the influence of j begins to predominate over e. Since layer 1 occupies a smaller volume, p 1 switches down and p 2 stays up. Thus along DЈH p 1 and p 2 are oppositely polarized. Another switching takes place at point H. Here e is negative but small in magnitude and the influence of j is still stronger. Since e is negative, p 2 ͑with a larger volume͒ switches down and p 1 switches up. This is maintained until point I. From here e is large and negative, dominating j so along line IЈK both p 1 and p 2 are switched down. If on the other hand we begin at K and increase e, the reverse sequence occurs with the degrees of hysteresis shown.
Our basic result, as just discussed, is that the four arrangements ͑↑⇑͒, ͑↑⇓͒, ͑↓⇑͒, and ͑↓⇓͒ can all occur at different part of the hysteresis loop. The reasons for this are simple and we surmize that the basic qualitative result would persist in more complicated and realistic studies. As pointed out in our first discussion of ͑1͒ and ͑2͒, in the low-field region p 1 and p 2 are driven by the interfacial coupling to be in opposite directions. We can now add that the configuration can be either ͑↑⇓͒ or ͑↓⇑͒ depending on the way in which the lowfield region is approached. Within the present model the details of the hysteresis loops depend in different ways on the two parameters l ϭL 2 /L 1 and jϭJ/L 1 , both of which are controllable through selection of the layer thicknesses. The ratio l controls the balance between antiferroelectric and ferroelectric character, the former predominating when l is not very different from unity. Since presumably J is a material parameter, the value of j and therefore the importance of the interfacial coupling varies inversely with the layer thickness L 1 .
We remark finally that for some values of l and j, as in Figs. 2͑c͒, 2͑d͒ , and 2͑f͒, all four arrangements of p 1 and p 2 occur in nonhysteretic regions which may represent four possible data recording points. An obvious extension is to multilayers, so that for example a trilayer or a superlattice with a three-component unit cell may be designed to have 2 3 ϭ8 recording points and so on. In particular, it should be possible to design multilayers with a sufficient number of recording points to support octal logic.
We have assumed implicitly that sufficient anisotropy is present to maintain the polarization directions along one axis. In some cases, it is possible that P 1 and P 2 may move out of alignment, so as to produce a configuration like the antiferromagnetic spin-flop state for example. This possibility requires further analysis.
